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Abstract Sleep is increasingly recognized as a key process in 
neurodevelopment. Animal data show that sleep is essential 
for the maturation of fundamental brain functions, and grow¬ 
ing epidemiological findings indicate that children with early 
sleep disturbance suffer from later cognitive, attentional, and 
psychosocial problems. Still, major gaps exist in understand¬ 
ing processes underlying links between sleep and 
neurodevelopment. One challenge is to translate findings from 
animal research to humans. In this review, we describe paral¬ 
lels and differences in sleep and development of the cortex in 
humans and animals and discuss emerging questions. 
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Introduction 

In all species studied so far, measures of sleep regulation and 
sleep depth undergo dramatic changes throughout develop¬ 
ment. Sleep electroencephalogram (EEG) in humans and 
electrocorticogram (ECoG) recordings in animals provide 
unique in vivo opportunities to observe regional changes in 
brain activity over the course of postnatal cortical maturation. 
This article reviews recent literature on the development of 
sleep and the cortex, highlights parallels and differences be¬ 
tween human and animal findings, and discusses emerging 
fundamental questions in the field. 

Development of Sleep 

Ontogenesis of Sleep Stages 

Brain activity during sleep undergoes dramatic changes across 
the life span. The preterm infant EEG is characterized by the 
alternation between high-amplitude burst “on” periods follow¬ 
ed by low-amplitude burst “off’ periods ( trace discontinu), 
which evolves to high-voltage slow-wave activity alternating 
with low-voltage activity bursts ( trace alternant ) shortly after 
birth [1], Soon thereafter, rapid-eye-movement (REM)-like 
sleep (active sleep) appears. In the course of the first years 
of life, the amount of active sleep diminishes while non¬ 
rapid-eye-movement (non-REM)-like sleep (quiet sleep) 
becomes the predominant state [2, 3]. 

The sleep characteristics and transitions in early animal life 
are similar to those of humans, including trace discontinu in 
fetal macaque hippocampal slices in vitro during the second 
half of gestation [4] or the discontinuous temporal organiza¬ 
tion activity patterns in rodents in vivo. Extracellular and 
patch-clamp recordings of the somatosensory cortex in neo¬ 
natal rats reveal bursts of activity interspersed with periods of 
electrical silence [5]. In contrast to the gradual disappearance 
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of the trace discontinu in humans after birth, rats exhibit such 
periods much longer [1], suggesting that the rat is less mature 
in comparison to a newborn human infant at term. Indeed, the 
degree of cerebral cortical maturation of 12-13-day-old rats 
(postnatal day [P] 12/13) was estimated to correspond to that 
of a full-term newborn human infant [6]. After the first two 
postnatal weeks, the rat ECoG becomes characteristic of wak¬ 
ing, REM and non-REM sleep [7], and at PI7, the three 
vigilance states are adult like. 

Sleep Architecture 

Throughout infancy and early childhood, the most notice¬ 
able changes include the gradual consolidation of sleep and 
waking bouts [8], the intensification of deep sleep slow- 
wave activity (SWA, 1-4.5 Hz, non-REM), and a progres¬ 
sive decrease of REM (active) sleep proportion that 
reaches adult levels around age 5 years [3]. Similar to 
humans, rats show a dramatic change in sleep architecture 
in the first month of life (i.e., pre-puberty), including a 
decrease in REM sleep and an increase in non-REM sleep 
[7]. In contrast to humans though, animals (rat, cat, guinea 
pig) exhibit a decrease in wakefulness throughout the first 
2 weeks of life and an increase thereafter [7], Throughout 
human as well as animal pubertal development, sleep ar¬ 
chitecture changes are less pronounced and include an 
increase in wakefulness and a decrease in both non-REM 
and REM sleep [9, 10]. 

The EEG maturity level at birth is different across mam¬ 
malian species, which is reflected in the amount of REM 
sleep. For example, while rats are relatively immature com¬ 
pared to humans, guinea pigs are advanced [7]. As a marker 
of developmental status, maturity may be quantified as the 
amount of REM sleep at birth relative to adult REM sleep 
levels [7]. In all mammal studies to date, the observation 
that the amount of REM (active) sleep is initially much 
higher during early postnatal development than it is in later 
adult life may suggest that REM sleep provides an endog¬ 
enous source of activation, which may be critical for 
neurodevelopment. Recent studies performed in rat pups 
support this hypothesis. In active or REM sleep, muscle 
twitches are highly structured and induce specific cortical 
activity during periods of twitching [11*, 12], Although 
twitches have long been considered by-products of a 
dreaming brain, more recent results indicate that twitches 
are organized behaviors that are functionally meaningful 
for the developing nervous system [12], 

Sleep Regulation 

The regulatory mechanisms governing sleep timing, duration, 
and intensity result from the interaction of an internal 24-h 
clock-like circadian process and a sleep-wake-dependent 


homeostatic process [13], The homeostatic process reflects 
an increase in sleep pressure with time spent awake and a 
decrease with time spent asleep. Assessing sleep under vary¬ 
ing homeostatic loads by gradually increasing wakefulness 
has improved our knowledge of sleep regulation in adults, 
e.g., [14,15], These studies make a strong case for sleep depth 
to be reflected in sleep SWA. Accordingly, SWA has been 
proposed to directly reflect the restorative processes occurring 
during sleep and, in particular, the dynamics of synaptic 
strength [16], 

The exact age at which sleep deprivation in humans 
results in a SWA increase is unknown. Yet, a SWA decline 
across the night is first visible during the second postnatal 
month [17] and may also be reflected in a decline of theta 
power observed between 6 and 9 months of age [18], 
Another homeostatic marker, the slope of slow waves, 
shows a sleep-dependent decline as early as 2 months of 
age [19*]. Sleep homeostasis further develops in adoles¬ 
cence, as reflected in the attenuation of the buildup of sleep 
pressure across the day with no corresponding change in its 
decline during sleep [20], 

The homeostatic regulation of sleep is developed by P24 
in rats, as shown in a maximum of SWA at light onset and a 
reduction thereafter [21], Also, prolonged waking elicits an 
increase in SWA in rats by this age, while younger rats 
show a compensatory increase in sleep duration instead of 
increased SWA [22], In mice, SWA increases during re¬ 
covery sleep only after P24, while a decline in SWA across 
baseline sleep and an increase during waking is already 
apparent at PI9 [23]. 

The circadian clock assures proper entrainment of be¬ 
havior and physiology with environmental time. Intrinsi¬ 
cally photosensitive retinal ganglion cells transduce light 
into electrical energy and transfer light/dark signals to the 
suprachiasmatic nucleus (SCN) via the retinohypothalamic 
tract [24], Rods and cones maintain a modulating role onto 
these ganglion cells through synaptic input [25]. Oscilla¬ 
tory activity of SCN neurons regulate many fundamental 
physiological processes and behaviors, including sleep and 
arousal, thermoregulation, feeding, and metabolism. 

Circadian timing as measured by dim light melatonin onset 
(DLMO) and its temporal relationship to sleep show age- 
related changes. Toddlers have an earlier DLMO time 
(19:29h) [26] than 9-12-year-old children (20:28h) and 13- 
16-year-old adolescents (20:41h) [27]. These studies collec¬ 
tively suggest an age-related delay in the timing of the circa¬ 
dian clock between early childhood and adolescence. Later 
bedtimes observed in adolescence are related to this delay in 
the timing of melatonin onset [28], Further, the time interval 
between DLMO and sleep onset increases from adolescence 
to adulthood [27, 29]. Finally, it has been suggested that the 
diurnal sensitivity to light undergoes a developmental change 
[30], 
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Animals are bom with an immature circadian system, 
which achieves its completion during postnatal development. 
Despite the presence of endogenous SCN rhythms in the 
mammalian fetus, newborn animals do not display circadian 
organization [31], By about 4 weeks, rats predominantly sleep 
during the light period [10]. A circadian delay resembling that 
of human adolescents has been shown in rhesus macaques 
[32]; however, species with polyphasic sleep experience a 
phase advance in puberty that is accompanied by an increas¬ 
ing consolidation of sleep and wakefulness bouts [33]. 

Open Questions 

• What is the physiological substrate of sleep homeostasis? 
What neuronal changes account for increased consolida¬ 
tion of sleep bouts during development? Are the same 
mechanisms responsible for findings in adults and 
children? 

• Why is adolescence in polyphasic animal species accom¬ 
panied hy a phase advance in puberty? What is the func¬ 
tion of a phase delay during adolescence in humans? 


Development of Neural Networks 
Cortical Development 

The main trademark of cortical development is a combi¬ 
nation of expansion and regression. The number of syn¬ 
apses in children exceeds adult levels [34], as many more 
synaptic connections are produced than will finally be 
retained [35]. Neuronal refinement includes the removal 
of neurons and synapses that fail to make appropriate 
connections, which ensures the establishment of proper 
connectivity [36], Although such regressive processes are 
most frequent during brain development in early life, they 
continue to a lesser extent throughout the first two de¬ 
cades of life. 

Synapse formation/elimination occurs throughout life; 
however, the magnitude of these changes varies across 
age. Structural and functional imaging measures provide 
indirect observations of human synapse development 
in vivo. Magnetic resonance imaging (MRI) has proved 
valuable for spatially measuring trajectories of gray matter 
volumes throughout development [37]. Also, high-spatial- 
resolution EEG during sleep has become increasingly 
relevant in tracking cortical maturation. For example, the 
topographical distribution of SWA reflects cortical plas¬ 
ticity and is thus a reliable marker for neurodevelopment 
[38]. Other neurodevelopmental markers during sleep are 
EEG power and EEG coherence in the SWA frequency 
range. These measures undergo specific maturational tra¬ 
jectories across development (Fig. 1) [39^11], 


The inverted U-shaped trajectory of synaptic density is not 
unique to humans but can also be observed in other primates 
[35, 42, 43]. Similarly, in rodents, postnatal electron micros¬ 
copy, together with volumetric analyses of the frontal cortex, 
reveals an initial increase of synaptic density and volume 
during early development (Fig. 1). Two-photon imaging stud¬ 
ies in mice show an overproduction of synapses during the 
initial month that is followed by a net elimination. In adult 
mice, only a fraction of spines are eliminated and formed in 
comparison to observations during the initial postnatal weeks 
[44], 

The human cortex matures in a posterior-to-anterior 
trajectory, as measured with both MRI-derived gray matter 
volumes [45] and SWA topography assessed with high- 
density EEG [38], Likewise, in other primates, dendrites of 
prefrontal pyramidal neurons develop later than sensori¬ 
motor areas [42], In rats, the primary motor cortex also 
matures earlier in comparison to the visual cortex, which 
receives sensory input only after eye opening after P14 
[46]. 

White Matter Development 

In concert with cortical gray matter growth during child¬ 
hood, underlying axonal bundles become progressively 
myelinated (see [47] for quantitative analyses or [48] for 
a review). In all mammalian species, the formation of 
myelin sheaths is essential for the propagation and speed 
of neurotransmission. Oligodendrocytes wrap axons with 
myelin, consisting of multiple layers of closely opposed 
glial membranes. This insulation improves the passive 
flow of electrical current, resulting in up to a 1000-fold 
increase in action potential conduction speed. 

Growing rapidly throughout early life, myelin is an 
important contributor to brain connectivity and a corner¬ 
stone for cognitive brain maturation [49-51]. However, 
space and movement constraints with MRI make it a chal¬ 
lenge to dissect precise morphological and molecular un¬ 
derpinnings of neurodevelopment. Although fiber architec¬ 
ture is highly heritable and thus programmed [52], recent 
findings in humans suggest a tight coupling between sub¬ 
cortical fiber plasticity and cortical activity, such that they 
reciprocally trigger growth and maintenance [53*]. Thus, 
the cortex matures in concert with subcortical structures, 
which might require sleep. Indeed, sleep-dependent chang¬ 
es in membrane synthesis, oligodendrocyte proliferation, 
and myelin growth [54*, 55] indicate that neuronal activity 
during sleep could induce myelin growth and enhance 
functional connectivity in the developing brain [40], 

The central nervous system (CNS) in rats and mice is 
less mature at birth in comparison to that in humans, and it 
is possible to track white matter development and axonal 
outgrowth in the rodent CNS already at P1-P3. This age 
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Human 



Age (years) 

Fig. 1 Time course of sleep and brain maturation variables in humans i 
across development. Data from [34, 66, 109-112] 


Rat 



Age (days) 

1 rats. Adaptation of a figure in [33] illustrating coincidental transformations 


corresponds to 32-36 weeks of gestation in human infants 
[56], while P10 is in terms of white matter development 
comparable to a term infant [57]. At P10-P14, myelination 
is well underway and peaks at ~P20, when mature oligo¬ 
dendrocyte markers are detectable (e.g., myelin basic pro¬ 
tein) [58]. Diffusion tensor imaging (DTI) is a powerful 
technique for probing the microstructural organization of 
brain tissue [59]. Consistent with the known timing of 
myelination in rodents, DTI assessments show prolonged 
fiber maturation of the corpus callosum as well as the 
internal and external capsules until at least P40 [60]. White 
matter changes during adulthood are poorly understood 
due to a lack of rodent imaging studies from P60 onwards; 
however, myelination is a universal process that outlasts 
cortical development. Therefore, gray matter, as well as 
myelin, is to some degree plastic and might optimize 
information processing through experience. This is sup¬ 
ported by animal studies providing evidence that oligoden¬ 
drocyte development and myelination are closely linked to 
neuronal activity [61, 62], From a mechanistic perspective, 
the myelin sheath provides metabolic supplies for high 
neuronal activity and maintenance [63], and neural 
activity-induced glutamate release along axons seems to 
trigger myelination [63, 64], 

Energy Use During Development 

The maintenance of synapses is an energy-demanding process 
(for review, see [16]). Thus, neural networks in early life with 
high-synapse, low-myelin content might have higher energy 
demands than those of adults, with low-synapse, high-myelin 
connectivity. Measuring oxygen consumption, which follows 
a similar developmental time course as synapse density across 
childhood [65], can assess brain energy use. A comparable 
pattern is observed for glucose utilization [66] (Fig. 1). 


Adenosine triphosphate (ATP) is the molecular currency for 
intracellular energy transfer. The human cerebral cortex and rat 
cerebral cortex [67, 68] use most ATP for neuronal signaling 
and providing cellular components. Specifically, action poten¬ 
tials and postsynaptic effects of glutamate require most of the 
energy, while the resting potential needs a smaller amount of 
ATP [68]. Developmental changes in cortical energy use are 
expected to parallel synaptic density alterations throughout 
development, which experience higher levels during maturation 
than adulthood. Indeed, correlations between energy use and 
cortical thickness were reported (for review, see [69]). Strategies 
to limit high-energy expenditures at excitatory synapses include 
the initial suppression of NMDA receptor subunits, a process 
that narrows the synaptic current and thus reduces ATP con¬ 
sumption [70]. The induction of LTP during development fur¬ 
ther increases energy expenditures, as the insertion of more 
AMPA receptors into the postsynaptic membrane doubles post¬ 
synaptic energy consumption [71]. Another energy-efficient 
mechanism has been described as synaptic scaling in which 
neurons homeostatically regulate synaptic signaling to refine 
cortical circuits [72], Sleep is increasingly recognized to play an 
energetically restorative role by lowering the strength of synap¬ 
tic connections [16]. 

Open Questions 

• Although cortical and subcortical maturation follows spe¬ 
cific spatial trajectories, the functional relevance of these 
anatomical changes remains understudied. Moreover, in¬ 
creasing evidence suggests microglia to play a crucial role 
in the elimination of synapses. The potential state- 
dependent role of microglial-dependent synapse elimina¬ 
tion during adolescence remains to be examined. 

• Sensitive windows for development—when do they start 
and when do they end? What role does sleep play during 
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these periods regarding the impact on later functional and 
behavioral outcomes? 

Recent research shows maturation-specific maps of how 
SWA reflects cortical plasticity in children [73*]. Howev¬ 
er, fundamental questions remain that address how sleep 
in children affects brain activity and behavior and how 
developing neural networks drive this relationship [74], 
Also, relationships between REM sleep and plasticity 
during development remain understudied in humans. 
Early sleep problems predict later health outcomes over 
and above demographic factors. Is inadequate sleep in 
early life a risk factor for later problems including devel¬ 
opmental, behavioral, attentional, and mood disorders? 
Ethical and feasible sleep interventions using randomized 
controlled trials are needed in human infants. 

What are the differences and problems when translating 
findings on cortical function from animals to humans? 
Cortical development between humans, macaques, and 
rodents has the caveat that the functional role of sensory 
systems is species specific. E.g., while the visual system is 
among the first neuronal networks to mature in humans, 
rodents open their eyes relatively late in development. 


Current Theories of the Function of Sleep: Implications 
for Cortical Development 

Sleep is ubiquitously found in the animal kingdom, yet its core 
functions are unknown. Sleep possibly serves various func¬ 
tions, and the proposed hypotheses may be summarized into 
three main categories: First, sleep serves to reduce energy 
expenditure; second, sleep is needed for the restoration of 
key cellular components and macromolecule biosynthesis; 
and third, sleep facilitates learning and memory by means of 
improved function based on synaptic plasticity processes [75]. 
We discuss specific aspects of these theories in the context of 
neurodevelopmental changes in the subsequent paragraphs. 

Sleep Is Important for Balancing Synaptic Strength 

Hypothesis: Sleep renormalizes synaptic strength and shapes 
plastic brain processes. This synaptic renormalization leads to 
sleep-dependent improvement of brain functioning and per¬ 
formance [76], 

The effects of sleep on performance are conveyed primarily 
during non-REM sleep. In adults, slow oscillations in partic¬ 
ular are thought to be actively involved in cortical plastic 
processes associated with learning [77*, 78, 79], During vul¬ 
nerable periods of life, sleep may be important for plastic 
processes associated with neurodevelopment (see also the 
next paragraph). Epidemiological studies show that disturbed 


sleep throughout preschool and the school age years is asso¬ 
ciated with psychosocial, somatic, and medical problems [80]. 
Moreover, sleep problems in childhood predict later psycho¬ 
logical and social problems over and above demographic 
factors [81]. While REM sleep might be of importance for 
performance benefits during early cortical development [82], 
SWA during non-REM sleep was suggested to contribute to 
reorganization processes in synaptic connections at a later age 
[83], Human studies concerning the involvement of sleep in 
neuroplasticity during development, however, remain 
correlative. 

Recent work has shown that caffeine consumption in ado¬ 
lescent rats exerts short-term stimulating effects and can alter 
the developmental trajectory of SWA [10]. Moreover, caffeine 
alters behavioral and structural markers of maturation [10]. 
These caffeine-induced lasting morphological changes might 
be due to alterations in sleep regulatory processes, such that 
altering sleep-wake regulation by stimulants like caffeine may 
affect synaptic plasticity. 

Sleep Is Needed for Plasticity 

Hypothesis: Sleep is required to permit plastic processes 
associated with neurodevelopment [84—86], Cortical plasticity 
is hereby understood as the change in synapse number/size or 
the malleability of existing synaptic connections. The latter in 
particular involves the neurotransmitter glutamate and its most 
common docking station, AMPA receptors [87]. 

It was proposed early on that sleep facilitates brain matu¬ 
ration [3], An emerging body of literature reports tight asso¬ 
ciations between sleep and cortical plasticity, thus providing 
further support for sleep-neurodevelopment links [38, 73*, 
88], Although adult studies reliably link non-REM sleep 
SWA to functional changes (i.e., learning), results on sleep- 
dependent benefits in children are not consistent [74], A recent 
study shows, for instance, that children outperform adults in 
explicit sleep-dependent sequence learning, which was pro¬ 
posed to reflect developmental refinements of neural networks 
[89], Studies in adults have shown that slow-wave deprivation 
reduces sleep-dependent performance improvements [90,91], 
and artificially enhancing slow oscillations results in sleep- 
dependent memory benefits [77*, 79]. During development, 
SWA maps maturational differences in underlying cortical 
structure [73*]. Together, these data indicate a relationship 
between deep sleep slow waves and plastic changes. 

In vivo experiments in mice allow for the quantification of 
cortical plasticity in relation to sleep or wakefulness. In ado¬ 
lescent mice, synaptic remodeling is state dependent: While a 
gain in cortical spines prevailed during waking, spine loss was 
larger during sleep, resulting in a negative spine balance at this 
developmental stage [92, 93], Importantly, this spine elimina¬ 
tion was only found during development, while no sleep- 
wake-dependent net changes of spine density were observed 
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in adult mice. These findings confirm that in adolescent mice, 
a few hours of sleep and wake affect the density of cortical 
synapses while after adolescence primarily changes in synap¬ 
tic strength rather than number can be observed. As shown in 
adult rats, an overall synaptic balance is preserved [94], Re¬ 
cent research shows that specific burst firing, the characteristic 
firing pattern of sleep slow oscillations [95], can impact the 
functional change of glutamatergic synapses [96*]. Induced 
burst firing in pyramidal neurons (cortical slices) eliminates 
AMPA receptors and induces input-specific long-term depres¬ 
sion because neuronal plasticity represents a continuum from 
malleability of existing synapses to structural plasticity, in¬ 
cluding synapse formation and elimination [97], the impact of 
SWA on synaptic plasticity may ultimately result in changes in 
cortical connectivity. 

Sleep Increases the Interstitial Space Thereby Reducing 
Neurotoxic Waste 

Hypothesis: Sleep has a critical function in ensuring meta¬ 
bolic homeostasis by removing potentially neurotoxic waste 
products that accumulate in the awake brain [98]. A recent 
study found that the cortical interstitial space increases by 
more than 60 % during sleep, resulting in a striking rise in 
the convective exchange of cerebrospinal fluid and interstitial 
fluid, as well as in the clearance of |3 -amyloid and other 
compounds [98]. 

As already mentioned, sleep is proposed to serve a function 
opposing wakefulness, i.e., to maintain homeostasis in rela¬ 
tion to energy expenditure, restoration of key cellular compo¬ 
nents, or plasticity [75], Recent findings point to a more 
specific functional process. While neurotoxic waste products 
accumulate during wakefulness, an increase of cortical inter¬ 
stitial space was observed during sleep. This resulted in a 
striking increase in the convective exchange between cerebro¬ 
spinal fluid and interstitial fluid, leading to metabolite clear¬ 
ance [98]. These findings in adult mice may be even more 
important during development when energy consumption is 
increased, and the accumulation of neurotoxic products is 
conceivably higher. Thus, it might be of interest to explore 
the effect of sleep on interstitial space during a period with 
maximal synaptic density and energy expenditure. 

Brain levels of (3-amyloid can be determined as pro¬ 
duction and clearance rates in humans [99]. Although 
there is no human evidence showing that sleep helps 
restore the brain by flushing neurotoxic waste products, 
the interstitial concentration of (3-amyloid is higher in 
awake than in sleeping humans similar to rodents [100]. 
A relevant outlook involves the relationship between (3- 
amyloid and sleep in neurological disorders like 
Alzheimer’s disease, where understanding the mecha¬ 
nisms of activation of metabolite clearance is critical 
for treatment development. 


What Can Go Wrong? Sleep Disturbances 
and Development 

Sleep disturbance in early life predicts later cognitive, 
attentional, and psychosocial problems [80]. Not enough 
sleep in infants and children is associated with 
overweight/obesity and lower cognitive performance 
[101, 102], and sleep fragmentation increases the risk 
of asthma [103], Sleep disorders are commonly comor- 
bid with psychiatric conditions in children and adoles¬ 
cents [104], including attention deficit hyperactivity dis¬ 
order, anxiety, depression, and autism spectrum disor¬ 
ders [105], Regulatory problems during infancy (exces¬ 
sive crying, sleeping or feeding problems) are associated 
with behavior problems in childhood [106], including 
adaptive behavior and social skills [107]. 

Evidence from animal studies shows that sleep is re¬ 
quired for neurodevelopmental processes in specific brain 
circuits during critical periods of life [85, 86, 108*]. 
Ocular dominance experiments in cats show that during 
the critical period of visual development, cortical plastic¬ 
ity is enhanced during sleep but not during wakefulness. 
Moreover, cortical remodeling triggered by monocular 
deprivation was associated with the amount of non-REM 
sleep. In reverse, blocking sodium channels and thus 
neuronal activity during sleep reduced plasticity [84, 
85], These experiments show that during critical periods 
of development, the maturation of skills not only requires 
cortical activity during waking but also subsequent sleep. 
Other studies reported a function of REM sleep for syn¬ 
aptic plasticity of the visual cortex during critical periods 
[108*]. Additionally, a recent study experimentally altered 
a neural circuit in the early life of flies, which led to 
immediate sleep loss and later dysfunction in courtship 
behavior [86]. This study provided the first evidence that 
sleep loss during early sensitive periods of life negatively 
affects species survival. 


Conclusion 

Sleep is a basic biological process that undergoes dramatic 
changes during development. Insufficient sleep in early hu¬ 
man life predicts concurrent and future health consequences, 
such as mood disorders, cognitive problems, and obesity. 
Animal research provides mechanistic evidence for the role 
of sleep in neuronal plasticity. Although the link between 
sleep and neurodevelopmental processes is increasingly rec¬ 
ognized, one major challenge remains in the translation of 
findings from animal research to humans. Further research 
should consider experimental and longitudinal designs across 
the life span in humans. 
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